Aims: Sweet preference in individuals with alcohol use disorder (AUD) has been associated with family history of AUD and personality traits. Therefore, testing sweet preference may help identify subpopulations of AUD individuals. Short summary: Sweet preference has been associated with family history of AUD and personality traits. We compared heavy drinkers based on their sweet liker status and using two cutoffs. Our findings support the role of sweet preference in heavy drinkers and point to the importance of how sweet likers are defined. Methods: This study aimed at describing and comparing heavy drinkers based on their sweet liker status, through demographic, neuroendocrine, inflammatory, behavioral and drinking characteristics. Participants rated the pleasantness and intensity of sucrose solutions (0.05, 0.10, 0.21, 0.42 and 0.83 M). Two cutoffs were used to identify likers versus dislikers: Grouping A likers preferred 0.83 M and Grouping B likers preferred 0.83 or 0.42 M; the rest were dislikers. Results: Sweet likers were 36% (n = 20) using Grouping A and 58.2% (n = 32) using Grouping B. Grouping B, but not Grouping A, sweet likers had higher BMI (P = 0.01). In Grouping B, sweet likers had higher plasma leptin and insulin concentrations and higher insulin resistance (P's < 0.05). C-reactive protein concentrations were higher in sweet likers in Grouping A (P = 0.0015) and at a trend level in Grouping B (P = 0.07). Grouping A sweet likers had higher alcohol craving (P = 0.0004). Sweet likers preferred spirits compared to nonspirits (wine and beer) across both grouping (P's < 0.05). Conclusions: These results provide further support for the role of sweet liking phenotype in identifying subpopulations of AUD individuals. These findings also point to the importance of how sweet likers are defined, therefore highlighting the need for further research.
INTRODUCTION
Alcohol use disorder (AUD) is associated with high morbidity and mortality (Nutt et al., 2010; Grant et al., 2017) . Given the heterogeneity of individuals with AUD, efforts have been made to define subtypes of AUD, in an effort to guide better diagnosis and treatment (Leggio et al., 2009) . However, these classifications have limitations, including that they are based on retrospective self-reported information that can be subject to recall bias.
More recently, biology-based approaches have been investigated. For example, several studies support the predictive value of genetic polymorphisms of alcohol metabolizing enzymes, in terms of risk of excessive alcohol use (Goldman, 2017) . Pharmacogenetics is also promising toward developing personalized treatments for patients with AUD (Seneviratne and Johnson, 2015) . However, these approaches face challenges related to costs, scientific expertise and translation to clinical practice (Seneviratne and Johnson, 2015) . Therefore, developing additional methods that are inexpensive and easily employed may also contribute to characterizing AUD subtypes.
One possible approach is based on the link between preference for alcohol and sweets. Ramirez and Sprott (1978) first reported that C57BL mice, which are characterized by high voluntary alcohol intake, consume significantly higher quantities of a saccharin solution as compared to DBA/2 J mice, whose alcohol intake is low. Furthermore, Belknap and colleagues (1993) showed a high correlation between saccharin and alcohol intake in inbred mouse strains. Similarly, an association between AUD and preference for highintensity sucrose solutions has been described in humans and is positively linked to family history of alcoholism as well as some personality traits, such as novelty seeking (Kampov-Polevoy et al., 1998 Pepino and Mennella, 2005) . Notably, human studies support a potential role of the sweet preference phenotype in personalizing treatments, e.g. in predicting naltrexone's response (Laaksonen et al., 2011; Garbutt et al., 2016) . The latter observation is consistent with the well-known evidence that compounds acting via μ-opioid receptors regulate food, sucrose, saccharin and ethanol intake (Kelley et al., 2002) . Also, caloric and noncaloric sweeteners were shown to stimulate sweet taste receptors, whose activation results in a downstream behavioral effect of pleasure mediated by μ-receptors present in ventral tegmental area and accumbal dopamine neurons (Lemon et al., 2004) . However, additional work is needed to illuminate the potential role of sweet preference in individuals with problem drinking. Two questions are particularly relevant to investigate.
The first question is related to identifying the best cutoff for how to classify sweet likers versus dislikers, within heavy drinking individuals. In fact, using the results from the same sucrose taste test, either of the following classifications was used: (a) most commonly in the literature, participants were classified as sweet likers for rating the sweetest sucrose solution (0.83 M) as the most preferred during a sweet taste test and those who preferred either of the other four solutions (0.05, 0.10, 0.21, 0.42 M) were classified as sweet dislikers (Kampov-Polevoy et al., 1998 , 2003a , 2003b Garbutt et al., 2009 Garbutt et al., , 2016 Dichter et al., 2010; Lange et al., 2010; Damiano et al., 2014) ; moving forward, this classification will be referred to as 'Grouping A' and (b) participants were classified as sweet likers if they rated the 0.42 or 0.83 M solutions as most preferred, and those who preferred either of the three remaining sucrose solutions (0.05, 0.10, 0.21 M) were classified as sweet dislikers (Kampov-Polevoy et al., 1997) ; moving forward, this classification will be referred to as 'Grouping B'. Therefore, our first aim (Section Population grouping analyses) was to identify a method-based approach to group participants into sweet likers and sweet dislikers.
The second question is related to the knowledge that gut-brain signals, including appetitive pathways, play an important role in the neurobiological mechanisms underlying not only food craving and intake but also excessive alcohol use and craving (Volkow et al., 2017) . Increasing evidence links alcohol intake and dependence to metabolic parameters such as appetitive hormones (Leggio et al., 2011) . For example, the orexigenic hormone ghrelin in its acylated form (acyl-ghrelin) and the anorexigenic hormones leptin, glucagonlike peptide-1 (GLP-1) and insulin have been implicated in excessive alcohol drinking and craving, both in animal models and in patients with AUD (Kenna et al., 2012; Engel and Jerlhag, 2014; Zallar et al., 2017) . Notably, the potential relationship between these appetitive hormones and addictive behaviors is not merely due to the alcohol-related calorie intake; rather, these hormone signals are implicated in the mechanisms underlying reward processing as well as stress and emotional regulation, which are typically altered in addictive behaviors. Case in point, these hormones are implicated not only in alcohol-seeking behaviors but also in addictive behaviors related to other drugs of abuse with no calorie content (for a review, see: Engel and Jerlhag, 2014) . Furthermore, growing evidence suggests that not only does excessive alcohol use lead to increased inflammation and neuroinflammation but also neuroinflammation, in turn, may contribute to alcohol-seeking behaviors in AUD (de Timary et al., 2017) . C-reactive protein is a widely used biomarker of systemic inflammation and while moderate drinking is associated with lower high-sensitive c-reactive protein (hs-CRP), excessive alcohol use has been associated with increased hs-CRP levels (Oliveira et al., 2010) . Therefore, our second aim (Section Descriptive analyses) was to evaluate the differences between sweet likers and sweet dislikers (considering both classifications reported in the literature and further investigated with our first aim) in terms of participant, neuroendocrine, inflammatory and behavioral characteristics as well as alcohol drinking patterns.
SUBJECTS AND METHODS
The sample considered for the present analyses derived from those volunteers who participated in three alcohol-related human laboratory studies (Farokhnia et al., 2017a; 2017b; Lee et al., 2018) approved by the National Institutes of Health (NIH) Addictions Institutional Review Board (clinicaltrial.gov registration: NCT01751386; NCT01779024; NCT02039349). All participants provided written informed consent and were compensated for their participation.
All assessments considered for the present analyses were conducted at the time of enrollment (baseline), hence before any experimental drug was administered or any experimental procedure was conducted. Briefly, eligible participants were males and females, between the ages of 21 and 65 and in general good health. Participants were excluded if they were seeking treatment for their alcohol use and/or if they had a current Diagnostic and Statistical Manual of Mental Disorders-IV (DSM-IV) diagnosis of substance dependence (other than alcohol and nicotine). A total of 55 participants were included in the present analyses. Participants were mostly heavy drinkers, defined as >14 drinks per week for men and >7 drinks per week for females (National Institute on Alcohol Abuse and Alcoholism (NIAAA), 2017).
POPULATION GROUPING ANALYSES

Methods
Sweet preference test
Participants were asked to sip and spit five sucrose solutions, each of them presented five times, in a pseudorandom order (25 tastings in total). They were instructed to rate each solution's pleasantness ('how much did you like the taste?') and intensity ('how sweet was the taste?'), on a visual analog scale from 0 mm (disliked very much or not sweet at all), to 200 mm (liked very much or extremely sweet), respectively. Participants rinsed their mouth with water after spitting each solution. Consistent with Kampov-Polevoy et al. (1997) 
Analyses
We used a heatmap analysis, combined with a hierarchical clustering tree (Bouhlal et al., 2017) to look at the pleasantness ratings. Briefly, a heatmap is a discovery-based computational method that allows for viewing the data, while simultaneously displaying hierarchical clustering of the rows' data (participants) and the columns' data (pleasantness ratings). Hierarchical clustering helps identify and group together individuals or traits that are most likely to resemble each other. Each value is provided with a color, then the program can be instructed to simultaneously cluster the rows to the pattern in each row, while clustering each column to the pattern in each column. The resulting groups or clusters represent the ideal clusters of participants and pleasantness ratings and result from a similarity matrix calculated from the domains of interest (rows and columns). We used hierarchical clustering with P-values, generated after bootstrapping. We used bootstrapping with n = 1000 sampling-resampling iterations from our dataset, to assure that the final P-values were strong. This method confirms that after running the program 1000 times, the results remain the same. The bootstrapped hierarchical clustering tree was generated via pvclust and provides an approximately unbiased P-value, computed by multiscale bootstrap resampling and is considered a good approximation to unbiased P-value; this value is given as a percentage signifying the percent of times the same cluster is found after multiple sampling/resampling processes run by the program. Heatmaps and dendrograms were produced using the gplots (Warnes et al., 2009 ) and pvclust (Suzuki and Shimodaira, 2006) packages in R. ANOVAs were used to evaluate participants' pleasantness and intensity ratings for both Groupings A and B.
Results
Sweet likers versus sweet dislikers: Participants' grouping Hierarchical clustering of the sucrose solutions' pleasantness ratings is presented in Supplementary Figure of the heatmap analysis show the prevalence of sweet likers (black) and sweet dislikers (gray) in two different participant-level clusters.
Grouping differences Grouping A. We classified as sweet likers those individuals who preferred the sweetest solution (0.83 M), an approach consistent with most of the previous literature (Kampov-Polevoy et al., 1998 , 2003a , 2003b Garbutt et al., 2009 Garbutt et al., , 2016 Dichter et al., 2010; Lange et al., 2010; Damiano et al., 2014) . This grouping resulted in 36.4% (n = 20) of the participants being classified as sweet likers and 63.6% (n = 35) being classified as sweet dislikers. Figure 1 shows the pleasantness and intensity ratings based on this grouping. At the group level, pleasantness rating results show a significant sucrose concentration effect among the sweet likers (F 4, 95 = 17.27; P < 0.0001), with higher sweet solutions (0.42 and 0.83 M) receiving the highest pleasantness ratings, while the three less sweet solutions received the same pleasantness ratings and were not different from each other; Fig. 1A , left panel. There was no significantly evident sucrose concentration effect on sweet dislikers' pleasantness ratings (F 4, 170 = 1.42; P = 0.23); see Fig. 1A , right panel.
The results of the intensity ratings suggest that both sweet likers and sweet dislikers were able to accurately differentiate between the solutions based on their sweetness (F 4, 95 = 48.80; P < 0.0001 and F 4, 170 = 129.18; P < 0.0001, respectively). However, participants in both groups were not able to distinguish between the 0.05 and 0.10 M solutions in terms of their sweetness (Fig. 1B) .
Grouping B. We classified as sweet likers those individuals who gave the highest pleasantness ratings to either the 0.42 or the 0.83 sucrose solutions, an approach consistent with some previous literature (Kampov-Polevoy et al., 1997) and with the results of our hierarchical clustering analysis (Section Sweet likers versus Sweet dislikers: Participants' grouping). This grouping resulted in 58.2% (n = 32) of the participants being classified as sweet likers and 41.8% (n = 23) being classified as sweet dislikers. Figure 2 shows the pleasantness and intensity ratings provided by sweet likers and sweet dislikers based on this grouping. Pleasantness rating results show that participants' pleasantness ratings of the 0.42 and 0.83 M solutions were not different from each other, and the ratings for the 0.05, 0.10 and 0.21 M solutions were also similar to each other. These ratings were true for sweet likers (F 4, 155 = 21.12; P < 0.0001; see Fig. 2A , left panel), with the two higher sucrose concentrations receiving higher ratings, and for sweet dislikers (F 4, 110 = 6.63; P < 0.0001; see Fig. 2A , right panel), with the two higher sucrose concentrations receiving lower ratings. Intensity ratings, on the other hand, show similar patterns as Grouping A, with both sweet likers (F 4, 155 = 87.74; P < 0.0001; see 
DESCRIPTIVE ANALYSES
Methods and analyses
We analyzed multiple domains including participant characteristics, neuroendocrine and inflammatory markers, alcohol and food cravings as well as alcohol drinking patterns. Methods are described in detail in the Supplementary Material. We employed both classifications reported in the literature and further investigated with our first aim.
Results
Participant characteristics
In the whole sample, participant characteristics did not differ between sweet likers versus dislikers when Grouping A was used (Table 1) . When Grouping B was applied, sweet likers showed lower intelligence quotient (IQ) (p = 0.02) and higher BMI (p = 0.01) ( Table 1) .
Neuroendocrine and inflammatory markers
Relationship with sweet liking phenotype. As described in the 'Methods', this analysis was limited to the participants (n = 35) for whom blood was collected under overnight fasting conditions. We looked at potential differences in BMI and age between likers and dislikers to select potential covariates. There were no differences for either age (t (33) = 0.27; P = 0.79 and t (33) = −0.24; P = 0.81, respectively, considering Groupings A and B) or BMI (t (33) = −0.07; P = 0.95 and t (33) = −0.42; P = 0.68, respectively, considering Groupings A and B; unlike the results in the whole sample), therefore unpaired ttests were used to evaluate potential differences in appetitive hormones and hs-CRP based on the liker status. Groups A and B led to two different results. For Grouping A, there were no differences between sweet likers versus dislikers for total ghrelin (t (33) = 0.66; P = 0.52), acyl-ghrelin (t (33) = 0.65; P = 0.52), GLP-1 (t (33) = 0.54; P = 0.59), leptin (t (33) = 1.42; P = 0.16), insulin (t (33) = 1.46; P = 0.15) or homeostasis model assessment-insulin resistance (HOMA-IR) (t (33) = 1.05; P = 0.30). hs-CRP concentrations differed between likers and dislikers (t (33) = 3.46; P = 0.0015), such that sweet likers had higher concentrations compared to dislikers. For Grouping B, leptin (t (33) = 3.38; P = 0.002) and insulin (t (33) = 2.64; P = 0.012) concentrations as well as HOMA-IR (t (33) = 2.25; P = 0.03) were significantly higher among sweet likers compared to dislikers. Total ghrelin (t (33) = 1.95; P = 0.06) and hs-CRP (t (33) = 1.85; P = 0.07) concentrations tended to be higher among sweet dislikers compared to likers. Acyl-ghrelin and GLP-1 concentrations did not differ between Grouping B sweet likers and dislikers (t (33) = 1.63; P = 0.11 and t (33) = 1.28; P = 0.21, respectively).
Behavioral differences
Alcohol craving. As shown in Fig. 3A , left panel, and based on Grouping A classification, sweet likers had higher alcohol craving (t (42) = 3.82; P = 0.0004). However, when considering Grouping B, there was no difference on alcohol craving between likers and dislikers (t (42) = 1.26; P = 0.21; Fig. 3A , right panel).
Food craving. As shown in Fig. 3B , sweet likers and sweet dislikers did not differ on their trait craving for food whether based on either Grouping A (t (52) = 0.93; P = 0.36) or Grouping B (t (52) = 0.38; P = 0.70).
Alcohol drinking patterns
Sweet likers versus dislikers did not differ for either number of heavy drinking days (P = 0.64 and P = 0.54, respectively, when Only one sweet liker and one sweet disliker were not heavy drinkers. Most of the participants (n = 52; 94.5%) had a diagnosis of current alcohol dependence according to the DSM-IV. *P-values represent significance from unpaired t-tests for continuous variables and Chi-Squares for categorical variables. Significance level was set at P < 0.05. a IQ: data were missing for three participants. Seven of the 52 remaining participants had their IQ measured using the two scale WASI measure (Vocabulary and Matrix Reasoning); the remaining 45 participants' IQ was assessed using the 4 scale WASI measure (Vocabulary, Similarities, Block Design and Matrix Reasoning). The timeline follow back over the 90 days prior to study screening was used to estimate the number of heavy drinking days and the average number of drinks per drinking day.
considering Grouping A or B) or average number of drinks per drinking day (P = 0.67 and P = 0.55, respectively, when considering Grouping A or B) (Table 1) .
When considering the preferred type of drinks, sweet liker status was associated with participants' choice in both Groupings A and B (P = 0.09 and P = 0.01, respectively), in that sweet likers chose more spirits than nonspirits (X 2 = 14.73; P = 0.0001; n = 22: 2 nonspirits and 20 spirits and X 2 = 21.78; P < 0.0001; n = 36: 4 nonspirits and 32 spirits, respectively, for Groupings A and B; Fig. 4 ). Sweet dislikers in comparison, and to a lower prevalence, preferred spirits versus nonspirits only when Grouping A was used (X 2 = 4.50; P = 0.03; n = 32: 10 nonspirits and 22 spirits), while this difference was not present when Grouping B was used (X 2 = 0.22; P = 0.64; n = 18: 8 nonspirits and 10 spirits). For additional details, see Supplementary Table S3 .
DISCUSSION
The present results support previous work showing that a sweet preference phenotype may be used to identify subpopulations of heavy drinkers. Further, our work describes innovative approaches and provides novel information on how this phenotype may be best defined within a sample of heavy drinkers. Previous work with alcohol-dependent individuals has defined sweet likers as individuals preferring either the sweetest sucrose solution (0.83 M; Grouping A) or the two sweetest solutions (0.42 or 0.83 M; Grouping B). Our hierarchical clustering and heatmap analyses provided an unbiased method-driven approach that supports the definition of sweet likers, among heavy drinkers, as those individuals preferring the two sweetest solutions. We then moved to a descriptive analysis of these two subgroups in terms of participant, neuroendocrine, inflammatory and behavioral characteristics as well as alcohol drinking patterns. We elected to still analyze both subgroups based on Groupings A and B. In fact, while most of the previous literature has used Grouping A (Kampov-Polevoy et al., 1998 , 2003a , 2003b Garbutt et al., 2009 Garbutt et al., , 2016 Dichter et al., 2010; Lange et al., 2010; Damiano et al., 2014) , and only one study used Grouping B (Kampov-Polevoy et al., 1997), our hierarchical clustering and heatmap analyses provided an unbiased method-driven approach in support of Grouping B. Therefore, we decided to keep both classifications. Notably, this choice led to additional important information, as our findings indicate that the use of a different grouping (A or B) leads to different characterizations and conclusions.
The main strength of this work is that it lays down a methoddriven approach to characterize individuals to sweet likers and sweet dislikers, while highlighting the effect of method choice on the results. A potential application of this work could be to simplify its administration, in practice, to tailor treatment. We found that the sweet liker phenotype is independent from individuals' perception of the solutions' sweetness, as both likers and dislikers were able to discriminate, with equal accuracy, between the intensities of the sucrose solutions, but their preferences went either to the most or least sweet ones. Furthermore, pleasantness ratings, either using Grouping A or Grouping B, show that sweet likers favor the two sweetest solutions in a similar manner, even though the grouping only considers those who prefer the 0.83 M solution as sweet likers. The latter observation is of particular relevance, especially given that our unbiased approach supports the use of 0.42 M cutoff to discriminate sweet likers versus sweet dislikers.
The sweet liker phenotype was associated with differences in participant, neuroendocrine, inflammatory and behavioral characteristics as well as alcohol drinking patterns, depending on the grouping used. First, given the descriptive nature of this study, the present analyses are not able to address the potential underlying reasons and mechanisms for these differences. Specifically, the differences described here may pre-exist before the development of excessive alcohol drinking and may represent predictors of heavy drinking and/or diagnosis of alcohol dependence. On the other hand, these differences may be a result of heavy drinking and alcohol dependence and may be driven by the consumption of excessive amounts of alcohol.
Second, the differences in participant, neuroendocrine, inflammatory and behavioral characteristics based on Grouping A versus Grouping B further support our work, and the novelty of our findings, on the importance of developing method-based approaches to identify subpopulations of heavy drinkers based on their sweet liking status. In fact, alcohol craving was different between sweet likers versus dislikers, but this was true only when Grouping A was applied. On the other hand, we found differences in the appetitive hormones between the two classifications, but again this was the case only for Grouping B. In other words, this work highlights the complexity of subtype classifications and, pertinent to the specific sweet preference phenotype, it highlights the need for further research to refine how this classification is conducted.
On the other hand, our descriptive analyses lead to consistent results for alcohol-type choice and hs-CRP, regardless of whether Grouping A or B was applied. For the alcohol-type choice, the higher intake of spirits among sweet likers could be an indirect proxy of higher reward seeking via more concentrated alcoholic beverages (Kelley et al., 2002) . As for the hs-CRP results, these findings are of potential interest given the known role of inflammation and neuroinflammation in development and maintenance of addictive disorders. Furthermore, while these results are novel in the context of AUD, on the other hand, they are also consistent with previous work conducted in other fields. For example, a study conducted in a large cohort of children studied for their eating habits indicated that sugar preference was associated with higher hs-CRP levels (Gonzalez-Gil et al., 2017) . Together, these findings suggest that low-grade inflammation, as indicated by a peripheral surrogate such as hs-CRP, may be different in sweet likers and dislikers. As such, not only is excessive alcohol use a well-known cardiovascular risk factor but also these results suggest that sweet liker status in individuals with AUD may be associated with a different cardiovascular risk, a conclusion that needs to be tested in future large prospective studies. Future studies should also investigate whether sweet liking may lead to a higher inflammatory status in AUD individuals, or whether inflammatory processes may play a role in the reasons why some AUD individuals have different preference for sweets.
This work must be considered in light of its strengths and limitations. This is the first study that used a method-driven, unbiased approach to analyze the sucrose preference taste test to investigate the sweet liker/disliker classification within a sample of heavy drinking individuals. Furthermore, to the best of our knowledge, this is the first study in the alcohol field where neuroendocrine and inflammatory markers of sweet likers versus dislikers are reported. The main limitation of this study is that we did not conduct a full factorial 2 × 2 study; i.e. sweet liking versus sweet disliking × heavy drinkers versus nonheavy drinkers, therefore these results may not be generalized beyond the population under investigation. However, it is important to emphasize that the goal of this study was specifically focused on describing the role of sweet preference on different characteristics of heavy drinkers. Furthermore, the sweet preference was conducted in participants who then entered different clinical protocols, although this aspect does not represent a confounder. In fact, the sweet preference test was always performed at baseline, therefore regardless of the study-specific design, it was given before any experimental drug was administered and before any experimental procedure was conducted. Nonetheless, the study-specific inclusionary/exclusionary criteria may further limited the generalizability of When only considering the 27 participants whose choices of spirit versus nonspirits were consistent, the results show that participants who are sweet likers preferred spirits, both when grouped as A (left panel) and B (right panel); P = 0.0001 and P < 0.0001, respectively. Sweet dislikers in Grouping A (left panel), although with a less strong difference, also showed a preference for spirits (P = 0.03), while this difference did not hold for Grouping B (right panel), P = 0.64.
our results. We did not collect eating behavior data or food records from our participants, all parameters that could shed light on how their sweet phenotype might impact their food/alcohol intake. Furthermore, this study was exploratory; therefore, multiple uncorrected tests were conducted. Our approach was consistent with Bender and Lange (2001) , who suggested that exploratory analyses be carried out without multiplicity adjustment, but be confirmed in follow-up studies. As such, a separate sample will be necessary to confirm the present findings. It is also important to bear in mind that in the procedure used here, participants sip and spit the sucrose solution without ingesting it. Therefore, there were no potential confounders related to potential differences in caloric intake. Furthermore, our sample was relatively small and for some of the descriptive analyses were even smaller, therefore replication in larger samples is warranted. The small sample also prevented us from further stratifying the sample based on actual alcohol drinking. This latter aspect is important and should be investigated in future larger samples, especially given that, in the present study, alcohol intake per se showed no correlation with sweet taste ratings in either of the two groupings, likely because of the small sample and the fact that all participants were heavy alcohol drinkers.
In conclusion, the present study further supports the potential role of the sweet preference phenotype to identify subpopulations of heavy drinking individuals and provides novel information on neuroendocrine and behavioral characteristics of such a phenotype.
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